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SYNOPSIS	

The thesis entitled “Stereoselective total synthesis of biologically active natural products” has been divided in to three chapters. 
Chapter I
Section A: This section deals with an introduction to tuberculosis and important previous approaches to antituberculosis agent Pseudopteroxazole and Pseudopterosins.
Section B: This section deals with the formal total synthesis of aglycone of Pseudopterosin A&E and a key intermediate for the synthesis of Pseudopteroxazole.
Chapter II
Section A: This section deals with an introduction to 5,6-dihydropyran-2-ones and general synthetic approaches.
Section B: This section deals with the first total synthesis of Synparvolide B and epi-Synparvolide A.
Chapter III
Section A: This section deals with an introduction to α,β-unsaturated γ-lactones (butenolides) and previous synthetic approaches for phytotoxic agents iso-Cladospolide B and Cladospolide B.
Section B: This section deals with the stereoselective total synthesis of iso-Cladospolide B and formal total synthesis of Cladospolide B.

CHAPTER I 
Section A: Tuberculosis 
Tuberculosis (TB), an airborne communicable disease and one of the three World Health Organization (WHO) priority infectious diseases, is caused by transmission of aerosolized droplets of Mycobacterium tuberculosis organism. The reasons for the increase in the number of tuberculosis cases are probably due to growing epidemic of HIV infection, malnutrition leading to reduced immunity, use of indiscriminate or inadequate chemotherapy and multi-drug resistance due to partial adherence to chemotherapy. 

M.tuberculosis is an organism which thrives in the interiors of cells, and is therefore resistant to the action of many drugs. The disease primarily affects the lungs and causes pulmonary tuberculosis. If the infection spreads, it can affect virtually any part of the body. Thus, the intestines, the nervous system, bones and joints, lymph glands, skin and other tissues of the body can be affected. The drugs that have been used to fight tuberculosis include isoniazid, rifampicin, pyrazinamide, ethambutol, streptomycin, p-aminosalicylic acid, cycloserine, capreomycin, kanamycin, thioacetazone etc. 
A search for new antituberculosis agents from the West Indian sea whip Pseudopterogorgia elisabethae led to the discovery of pseudoptersins and two benzoxazole alkaloids, pseudopteroxazole and seco-pseudopteroxazole. The pioneering work of Fenical and his group on the isolation, structure, and bioactivity of the pseudopterosins, a number of other members of this family of marine natural products, the amphilectane group have been discovered. Pseudopterosins were found to display potent anti-inflammatory and analgesic activities. Pseudopteroxazole was isolated by Rodriguez et al,. from the hexane extracts of the West Indian gorgian coral Pseudopterogorgia elisabethae (Bayer) collected near San Andre’s Island, Colombia and was found to display potent inhibitory activity (97%) against M. tubeculosis H37Rv at a concentration of 12.5 g/mL while seco-pseudopteroxazole inhibited 66% of mycobacterial growth. The potent activity was attributed, at least in part, to the benzoxazole functionality (Figure 1). 










Section B: Present work and discussion
	In connection with our continuing interest on the development of new agents for the treatment of tuberculosis, we aimed at synthesizing pseudopteroxazole. We initiated our studies starting from (S)-(-)-citronellal.
Retro synthetic analysis:
Our retrosynthesis for both pseudopteroxazole and psuedopterosins A & E revealed a common key intermediate 2 which was sought to be obtained by an intramolecular Diels-Alder cycloaddition reaction (IMDA) of compound 4 followed by the iodine mediated oxidative aromatization of 3. The precursor 4 for IMDA was obtained by conversion of ketone 5 to silyl enol ether followed by coupling with a Weinreb amide 21. The iodo ketone 5 was realized from β-keto ester 6 in 5 steps. The keto ester 6 was synthesized by methoxycarbonylation of ketone 12 which in turn was obtained by stereoselective manipulation of commercially available (S)-(-)-citronellal (Scheme 1). 

















Results and Discussion:
Initially (-)-citronellal was subjected to ene-cyclization using zinc bromide in benzene at 0 oC to yield (+)-isopulegol 8 in 70% yield along with other minor diastereomer. Since the regioselectivity for hydroboration is directed by the neighbouring chiral hydroxyl group, it was necessary for us to invert the stereochemistry of the hydroxyl group in compound 8 to get the desired regioisomer from hydroboration reaction. Towards this the (+)-isopulegol 8 thus obtained was treated with p-nitrobenzoic acid, diisopropylazodicarboxylate, triphenyl phosphine in benzene under Mitsunobu conditions and the corresponding ester 10 was treated with NaOMe in methanol to afford the inverted alcohol 9 in 97% yield (Scheme 2). 
















Hydroboration of 9 using BH3.DMS followed by oxidative hydrolysis with NaOH and H2O2 afforded the mixture of inseparable diastereomers 7 and 7a in 90% yield (with 8:2 ratio). At this stage, the required stereochemistry at C3 was installed. Selective primary alcohol protection with TBSCl in presence of NaH afforded easily separable diastereomers 11 & 11a. The required major diastereomer 11 was oxidized with PCC to get the ketone 12 in 94% yield (Scheme 3). 






	






The ketone 12 on treatment with LDA followed by reaction with methyl cyanoformate at -78 oC furnished the β-keto ester 6 as a diastereomeric mixture (9:1,   β:α). The keto functionality in 6 was reduced with NaBH4 to yield the compound 13. Mesylation of 13 using MsCl in presence of catalytic amount of DMAP in pyridine followed by NaOMe mediated elimination furnished the α,β-unsaturated ester 15 exclusively (Scheme 4). 









The ester 15 was converted to Weinreb amide 16 by treatment with Weinreb salt in presence of LiHMDS. The compound 16 on Grignard reaction with methyl magnesium iodide produced the compound which was on desilylation with TBAF furnished the keto-alcohol 18 (Scheme 5).














The enantiopure alcohol 18 was converted to tosylate 19 using TsCl and triethylamine in presence of catalytic amount of DMAP. Tosyl compound 19 on treatment with NaI in acetone under reflux conditions furnished the iodide 5 which in turn converted to TBS enol ether 20 using TBSOTf and triethylamine in presence of catalytic amount DMAP. With the diene part available in the molecule, the rest was to install the dienophile moiety for an intra molecular Diels-Alder cyclization reaction. Towards this, the iodo 20 compound was lithiated with tert.butyl lithium at -78 oC and was then treated with Weinreb amide 21 to get the IMDA cyclization precursor 4. After normal work-up, compound 4 was directly utilized for the next reaction because of instability (Scheme 6).














The precursor 4 was treated with TiCl4 in presence of molecular sieves for intramolecular Diels-Alder cyclization or sequential double Michael reaction to afford the diketone 3 as a yellow solid (m.p. 172-174 oC). Here the expected Diels–Alder product 3a was not formed instead the thermodynamically more stable enone 3 was formed exclusively. This unexpected result may be attributed to the angle strain arised from the bridged SP2 carbons which disfavor the formation of the enone 3a. The enone 3 was oxidatively aromatized with 6 equiv. of I2 in presence of methanol under reflux conditions to furnish the enantiopure tricyclic core 2 as colorless needles (m.p. 106-108 oC). The compound 2 on treatment with BBr3 in CH2Cl2 under reflux conditions produced the keto-phenol 23 as colorless crystals with m.p. 168-170 oC (Scheme 7). 









Compound 23 was earlier utilized for the total synthesis of aglycone of pseudopterosins A and E by E. J. Corey at,.al. The compound 2 can be further utilized for the total synthesis of pseudopteroxazole in seven steps as predicted in the scheme 7a.









CHAPTER II
Section A: 5,6-Dihydropyranones (α,β-unsaturated δ-lactones): 
Lactone rings are a structural feature of many natural products. Of the naturally occurring lactones, which display a wide range of pharmacological activities, those bearing a 5,6-dihydropyran-2-one moiety are relatively common in various types of natural sources. Because of their manifold biological properties, these compounds are of marked interest not only from a chemical, but also from a pharmacological perspective. As a matter of fact, 5,6-dihydropyran-2-ones of both natural and non-natural origin have been found to be cytotoxic. In addition, they inhibit HIV protease, induce apoptosis, and have even proven to be antileukemic, along with having many other relevant pharmacological properties. At least some of these pharmacological effects may be related to the presence of the conjugated double bond, which acts as a Michael acceptor.
Synthetic methodologies for dihydropyranones:
	Many different synthetic methods for the creation of 5,6-dihydropyran-2-one rings have been reported. These methods can be divided in to four groups as follows: (1) lactonization of substituted δ-hydroxy acid derivatives, (2) oxidation of substituted dihydropyran derivatives, (3) ringclosing metathesis and (4) miscellaneous methods. 
Conjugated δ-lactones (+)-hyptolide, (-)-spicigerolide, (+)-anamarine and (-)-synrotolide have been isolated from several Hyptis species and other botanically related genera. These compounds contain a polyoxygenated chain connected with an α,β-unsaturated six membered lactone and have been found to show a broad range of pharmacological properties, such as cytotoxicity against human tumor cells, antimicrobial or anti-fungal activity, etc (Figure 2). 










In 1996, Davies- Coleman and Rivette have isolated three new poly hydroxyl δ-pyrones namely synparvolide A, synparvolide B and synparvolide-C from the leaves of Syncolostemon parviflorus, a medicinal plant which is used as an emetic to treat loss of appetite. The structures of synparvolide A–C were established based on spectral, chiroptical and chemical evidences, and found to contain a polyacetylated side chain connected with an α,β-unsaturated six membered lactone (Figure 3).






Section B: Present work 
A thorough search for the literature showed no synthetic reports for these compounds. And also as these compounds are not available abundantly, total synthesis was the only attractive solution for their ready accessibility towards biological screening. This feature also allows synthesizing and identifying the analogues with better therapeutic properties. Our own interest in the synthesis of the naturally occurring biologically active α,β-unsaturated δ-lactone containing molecules has inspired us to take up  the total synthesis of these less abundant lactone containing molecules. We successfully achieved the first stereoselective total synthesis of synparvolide B and epi-synparvolide A. In the present chapter, we describe the stereoselective total synthesis of synparvolide B and its non-natural isomer epi-synparvolide A, the later being an epimer of synparvolide A at stereo centres in epoxide ring.
Retro synthetic analysis:	
Our retro synthetic analysis relied upon the convergent strategy where the coupling of two fragments, 26 and 27, Sharpless asymmetric epoxidation, stereoselecive alkynylation and Noyori asymmetric hydrogen transfer played the key role. The alkyl halide 26 is readily synthesized from commercially available chiral precursor L-(+)-DET, which provided the two necessary stereogenic carbons of the side chain and Wienreb amide 27 was prepared from commercially available homo propargyl alcohol (Scheme 8).














Results and discussion:
Initially, the synthesis began with masking of L-(+)-DET as cyclohexylydine acetal 29 with cyclohexanone and p-TsOH followed by reduction with LiAlH4 to yield diol 30. The symmetric 1,4- diol was then selectively converted to the corresponding mono tosylate 31 using n-BuLi and p-TsCl and then treated with NaBH4 to afford the terminal methyl compound 32. The primary hydroxyl group was then converted to iodide using triphenylphosphine, imidazole and iodine to give 26 (Scheme 9).















The synthesis of the other fragment, Weinreb amide 27 was achieved in high yields from commercially available homo propargyl alcohol in nine steps. Initially, homo propargyl alcohol was protected as p-methoxybenzyl ether 33 and then treated with ethyl magnesium bromide followed by paraformaldehyde to afford the alcohol 34. The alcohol 34 was then reduced with LiAlH4 to the corresponding trans allylic alcohol 35 which on Sharpless asymmetric epoxidation employing (-)-DET, Ti(Oi-Pr)4 and TBHP furnished the chiral epoxide 36 with 97% ee (ee confirmed by chiral HPLC). The epoxy-alcohol 36 was then converted to chloro-epoxide 37 using triphenylphosphine and carbontetrachloride under reflux conditions. Compound 37 was converted efficiently to alkyne 38 via reductive-elimination using lithium in liquid ammonia (-33 oC) and was simultaneously converted to its TBS ether 28 using TBSCl, TPP and imidazole (Scheme 10). 














	            
             The alkyne 28 was lithiated with n-BuLi and then treated with ethylchloroformate to afford substituted propargylic ester 39 which on treatment with iso-propyl magnesium chloride and N-methyl methoxy aminohydrochloride salt under Grignard conditions afforded Weinreb amide 27 (Scheme 11).










            With the two intermediates 26 and 27 in hand, the rest was to couple them and proceed further for the target synthesis. Different experimental procedures earlier reported in the literature for this coupling were rather low yielding and instead of the coupling product 40, we ended up with tert-butyl ketone with compound 27 as the major product (50-60%). However, by modifying the experimental procedure we ended up with ~33% yield of desired product. The reason for the low yield of coupled product was undoubtedly the presence of bulky cyclohexanone ketal ring. Asymmetric reduction of propargylic ketone 40 using (S,S)-Noyori catalyst afforded required 1,3-anti-isomer 41 in 86% yield with 95% de (Scheme 12). 












As the yield for the coupling reaction was not satisfactory to our expectations, alternatively, the compound 41 was also synthesized starting from alcohol 32 following the Scheme 6. The alcohol 32 was oxidized to aldehyde under Swern conditions to afford 42 which was then treated with (methoxymethyl)triphenylphosphonium chloride in presence of n-BuLi to get enolether 43. The enolether 43 was hydrolyzed using mercuric acetate and NaBH4 to get the homologated aldehyde 44. The aldehyde 44 was further treated with lithiated alkyne (prepared in situ by treatment of alkyne 28 with n-BuLi) in presence of LiBr (as chelating agent) to get the mixture of easily separable diastereomers 41 and 41a (7.5:2.5, 90% mixture of diastereomers) containing the desired isomer 41 as the major product. The major 41 product was compared with the compound obtained earlier by Noyori reduction (Scheme 13).
















The free secondary alcohol 41 was then converted to the corresponding benzyl ether 25 and then subjected to the partial reduction of triple bond under Lindlar’s conditions (H2-Pd/BaSO4-toluene) to afford the cis-olefin 45. Deprotection of the PMB ether using DDQ (80% yield) followed by PCC oxidation of the corresponding alcohol 46 afforded aldehyde 47 (Scheme 14).





















The aldehyde 47 was subjected to modified Wadsworth–Emmons reaction to yield (Z) α,β-unsaturated ester 24 exclusively which was confirmed by 1H NMR based on the coupling constant values (m, at δ 6.37-6.26 and dd at 5.84 with J = 11.5 Hz). One-pot ketal deprotection, TBS deprotection, and lactonization were achieved by treating compound 24 with a mixture of AcOH:1 N HCl:THF (1:1:1) in reflux condition to give 48 in 65% yield. With the required skeleton in hand the rest was to manipulate the protective groups. Thus the precursor (diacetyl compound 49) for the target synthesis was achieved in 84% by acetylation of the two secondary hydroxyl groups of 48 using pyridine and acetic anhydride (Scheme 15).








          TiCl4 mediated debenzylation of 49 without affecting acetate moieties, α,β-unsaturated lactone and double bond furnished the desired target synparvolide B (Scheme 16).





 
The product obtained was characterized and its rotation was found to be similar with a small variation to that of the natural product [α]D25  -12.2 (c 1.2, CHCl3) {lit. [α]D - 11 (c 1.0, CHCl3). Also the 1H NMR and 13C NMR were comparable with the data of the natural product. Thus the structure of the natural product synparvolide B has been confirmed with 6R, 3S, 5S and 6S, 1Z configuration and is in agreement as established by Rivette et al. Unfortunately, our attempts to synthesize the synparvolide A by epoxidation with mCPBA and V(acac)2 (Vanadium (IV) oxide acetylacetonate) using various experimental conditions (0 oC rt to reflux) were unsuccessful. These unexpected results may be attributed due to the steric hindrance acquired by benzyl moiety and lactone ring. However, epoxidation of synparvolide B with mCPBA and V(acac)2 resulted in the formation of it’s non-natural isomer (epi-synparvolide A) [80% with mCPBA and 72% with V(acac)2]. The formation of the epimer was attributed to the chelation of mCPBA with free hydroxyl group (Scheme 17). 









Thus, we have also accomplished the synthesis of epi-synparvolide A. In conclusion, we have accomplished the first total synthesis of synparvolide B and re-confirmed its structure. Also an analogue of synparvolide A, epi-synparvolide A has been synthesized. 

CHAPTER III
Section A: α,β-Unsaturated γ-lactones
Compounds with the α,β-unsaturated γ-lactone moiety in their structure occur in the plant kingdom, as metabolites of lichens and fungi, as sesquiterpene derivatives or as steroid glycosides. Natural products possessing this structural element are also components of animal species such as sponges. Many of these compounds exhibit a variety of biological activities such as antifungal, insecticidal, antibacterial, phytotoxic and anti-inflammatory. Some of them are antibiotics, potential anticancer agents and cyclooxygenase or phospholipase inhibitors.
Substituted γ-butyrolactones (γ-butanolides) and α,β-unsaturated γ-lactones (γ-butenolides) have attracted much attention from medicinal and synthetic organic chemists. These butyrolactones and γ-butenolides appear in a variety of biologically active natural products and pharmaceuticals. Cladospolides are 12-membered macrolides isolated from fungus Cladosporium cladosporioides FI-113, Cladosporium tenuissimum and marine fungal species. Many of them exhibited plant growth retardant activity to rice seedlings (Figure 4).










Recently cladospolide B, together with an isomer (iso-cladospolide B), 196S215 and several hexaketides has also been isolated from the sponge-derived fungus Cladosporium herbarum by Ireland and co-workers. Among them new compounds iso-cladospolide B, was also isolated from ethylacetate extract of cladosporium species from red sea sponge Niphates rowi. It closely resembles with the natural product cladospolide B a highly phytotoxic compound and is inhibitory to shoot elongation of rice ceedlings (oriza sativa L.) without damaging the cells. When tested with rice seedlings, cladospolide B inhibited shoot elongation of rice seedlings without causing necrosis, whereas A and C damaged the plant. Moreover, cladospolide-D possesses antifungal activity. Cladospolides A and B, together with patulolides, have been patented as allergy and inflammation inhibitors. 
Section B: Present work
As part of our research programme aimed at developing stereoselective total synthesis of naturally occurring lactones and their analogues, we have accomplished the total synthesis of iso-cladospolide B and formal total synthesis of cladospolide B.
Retrosynthetic analysis:
             Our retrosynthetic analysis for both iso-cladospolide B and cladospolide B revealed a common key intermediate 50 which could be prepared by Wittig reaction of ylide generated from intermediate 52 and aldehyde 51. The intermediate 52 in turn is prepared from chiral epoxide 55 obtained from resolution of racemic epoxide 53 (Scheme 18). 






















The synthesis of intermediate 59 starts with commercially available 5-hexen-1-ol. Accordingly, 5-hexen-1-ol was converted to the corresponding benzyl ether 54 using NaH and benzyl bromide and then epoxidized with mCPBA to result in racemic oxirane 53. The oxirane 53 was hydrolyzed employing (S,S)-salen-Co-(OAc) catalyst to afford the chiral epoxide 55 in 45% yield with 98% ee. The chiral epoxide 55 was regio selectively opened with LiAlH4 to afford secondary alcohol 56 which was then protected as TBDPS ether 57 with 92% yield. Debenzylation of the benzyl ether 57 using 10% Pd/C afforded the alcohol 58 in 96% yield (Scheme 19).









Alcohol 58 was converted to iodide 52 using I2, triphenylphosphine and imidazole which was simultaneously treated with triphenylphosphine to yield the Wittig salt 59 in 90% (Scheme 20).








The other key fragment aldehyde 51 was prepared starting from well known chiral precursor L-(+)-diethyltartrate according to the known procedure. Initially, two OH groups of L-(+)-DET were masked as isopropylidene acetal 60 using 2,2-DMP, acetone in presence of catalytic amount of p-TsOH and the resulting product was treated with LiAlH4 to get the diol 61 in 85% yield. The symmetric, 1,4-diol was then selectively converted to mono benzyl ether 62 using NaH and benzyl bromide then the resultant alcohol 62 was oxidized under Swern conditions to afford the corresponding aldehyde 51 with 88% yield (Scheme 21).













The ylide, prepared from Wittig salt 59 and n-BuLi was treated with aldehyde 51 to afford cis-olefin 63 almost exclusively. Olefin 63 was hydrogenated using 10% Pd/C in MeOH to furnish the saturated primary alcohol 64 which in turn was oxidized under Swern conditions to afford the aldehyde 65. Aldehyde 42 was subjected to a modified Wadsworth-Emmons reaction in presence of NaH in THF to provide the intermediate 50 exclusively with 85% yield. Intermediate 50 on one pot desilylation, deacetonization and lactonization using 3% HCl in methanol afforded iso-cladospolide B in 75% yield. [α]D = -106.0 (c 1.35, MeOH) {lit. [α]D -105.0 (c 0.23, MeOH)}(Scheme 22).
















The intermediate 50 on ester hydrolysis with LiOH furnished the acid 66 which has been utilized earlier for the total synthesis of cladospolide B (Scheme 23).












In conclusion, we have developed a simple and efficient route for the total synthesis of iso-cladospolide B using Jacobsen’s hydrolytic kinetic resolution as the key step and synthesized a common intermediate that can be further used for the total synthesis of cladospolide B. 
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